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ABSTRACT
Sem i-active Control Techniques for Shock Isolation
by
Ganesh B. Maganti
Dr. Sahjendra N. Singh, Examination Committee Chair 
Professor of Electrical and Computer Engineering Department 
University of Nevada, Las Vegas
In this thesis the problem of control of semi-active devices (MR damper, MR 
elastomer) for shock isolation systems are considered. Semi-active control systems 
combine the best features of both the passive and active control systems, offering the 
reliability of passive devices, yet maintaining the versatility and adaptability of fully 
active devices. First the question of stability and control of a two degree-of-freedom 
magnetorheological (MR) fluid damper shock isolation system is considered. It is 
shown that for any arbitrarily time varying input current, the system is absolutely 
stable. This explains the shock isolation capability of the MR damper system even 
with control laws clamped in an ad hock way to limit the control magnitude. Then a 
nonlinear inverse (feedback linearizing) control law and a nonlinear suboptimal control 
law based on the state-dependent Riccati equation (SDRE) method are designed for 
the shock isolation of the payload mass. For the inverse control law derivation, the 
inertial position of the payload is chosen as the controlled output variable. For the
hi
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design via the SDRE method, constraint on the input current is introduced and a 
quadratic performance index is chosen for minimization. It is shown that in the 
closed-loop system the inverse and suboptimal control laws are effective in shock 
isolation of the payload mass.
Secondly, the mathematical modeling and predictive control of a magnetorheolog­
ical fluid damper system is considered. For the development of an effective controller 
precise modeling of the force-velocity characteristics of the MR damper is needed. 
Based on experimental data the mathematical model for the MR damper is devel­
oped. Then a predictive controller is designed for the shock isolation of the payload 
mass. The design of the predictive controller is based on the optimization of a judi­
ciously chosen performance index. Finally, the predictive control technique derived 
for the shock isolation of single degree- of-freedom MR damper shock isolation system 
is extended to the MR elastomer shock isolation system. For the purpose of controller 
design the variable stiffness characteristics of the MR elastomer is modeled using a 
first order dynamic equation. Simulation results are presented which show th a t the 
developed mathematical model is accurate in characterizing the behavior of the MR 
damper and the designed control systems are effective in the shock isolation of the 
payload.
IV
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CHAPTER 1 
INTRODUCTION
System components under shock and vibration are usually undesirable and the iso­
lation or suppression of these undesirable phenomena is the main concern for en­
hancement of lifetime of shock and vibration prone systems. The existing techniques 
primarily use passive and active devices for shock isolation and vibration suppres­
sion. Passive devices featuring elastomeric materials, and hydraulic and frictional 
dampers provide design simplicity and low cost. However, performance limitations 
are inevitable because stiffness and damping elements are not controllable in response 
to external environments. Additional improvement in desired performance can be ob­
tained by using active measures by means of external actuators. Active devices have 
the ability of suppressing disturbances in wider frequency range. However, systems 
employing active devices have instability problems due to unmodeled dynamics and 
nonlinearities as well as actuator and sensor failures because they have the ability 
to inject energy into the target systems. Also, active methods require large power 
sources, many sensors, servo valves and sophisticated control logic. A compromise 
between passive and active devices has been developed in the form of semi-active 
devices. Semi-active control systems combine the best features of both the passive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and active control systems, offering the reliability of passive devices, yet maintaining 
the versatility and adaptability of fully active devices [1], Recent work by several 
researchers has indicated that semi-active control systems, when appropriately im­
plemented, achieve significantly better results than passive control systems; and may 
even outperform fully active control systems, demonstrating significant potential for 
controlling shock and vibration of mechanical systems to a wide variety of dynamic 
loading conditions [1-6].
1.1 Background
Magnetorheological materials, including magnetorheological fluids (MRF), mag­
netorheological elastomer (MRE) and magnetorheological form are promising smart 
materials in engineering due to their real time controllable mechanical property to 
the applied magnetic field. MRF is liquid and operates in the post-yield regime [7,8], 
while MRE is solid and operates in the pre-yield regime [7,9-11]. Normally, they are 
composed of ferrous particles at the scale of several microns, and carrier with low 
permeability.
MR fluids consists of solid particles suspended in a carrier liquid. When a mag­
netic field is applied, the particles are polarized and form chains between electrodes. 
The fluid becomes semi-solid and exhibits viscoplastic behavior. The transition from 
liquid to rheological equilibrium is attained in the order of milliseconds resulting in 
construction of MR dampers with high bandwidth [12]. This feature provides simple, 
quiet, rapid response interfaces between electronic controls and mechanical systems.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
When compared to ER fluids, MR fluids have superior properties, including an order 
of magnitude higher yield stress, typically 50-100 kPa, lower power requirement and 
a much wider temperature range of operation.
MR elastomer is cured under strong magnetic field. That is, the mixture of ferrous 
particles and liquid-state elastomer solidifies gradually under strong magnetic field. 
Therefore, the particle-formed chainlike structures parallel to the applied magnetic 
field during the curing process are embedded in the elastomer matrix. If the magnetic 
field is applied parallel to such chain-like structures (this is a requirement for the 
application of MRE), owing to the magnetic interaction between the particles, the 
modulus or stiffness of MRE will be changed.
M R/ER dampers exhibit highly nonlinear and hysteretic force-velocity response 
which is the main hindrance for the design of effective control strategies. So in 
order to achieve desired control performance an accurate damper model should be 
used. Different techniques have been developed in literature to model the behavior 
of the M R/ER dampers. Basically, two types of models have been investigated: non- 
parametric and parametric models. In [13], a nonparametric approach is presented 
to model a small ER damper that operates under shear mode by assuming that the 
damper force could be written in terms of Chebychev polynomials. This approach is 
extended to model the ER damper in [14,15]. A neural network model to emulate the 
dynamic behavior of MR dampers is developed by [16]. However, the non-parametric 
damper models are quite complicated. A simple Bingham plastic model [17,18] gives 
a good description of postyield force behavior of ER or MR damper and accurately
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
accounts for energy dissipation and force vs. displacement characteristics. However, 
the transition from preyield to postyield is discontinuous and the hysteretic behavior 
cannot be described. The hysteretic Bingham plastic model [19,20], which can accu­
rately capture the postyield and hysteretic preyield force of MR damper, was proposed 
through the modification of Bingham plastic model. The hysteresis biviscous model 
[21-23] is composed of several piecewise continuous models, so it is complicated, but 
well describes the hysteresis behavior of MR dampers. The nonlinear viscoelastic 
plastic model [24-26] has several parameters associated with preyield and postyield 
mechanisms, and shows good accuracy in predicting the damping force of the MR 
damper. The Bouc-Wen model [1,12] for ER/M R dampers has the most parameters 
of the models considered here to identify. Its mathematical formulation consists of 
strong nonlinear differential equations. However, this model is accurate in predicting 
the damping force in both preyield and postyield regions. The polynomial model 
proposed in [27] captures the field dependent hysteretic behavior of MR dampers. 
The hydro-mechanical model proposed in [28] utilizes a differential equation, but ac­
counts for physical parameters such as inertia, damping, yield force and compliances 
associated with MR or ER dampers.
Although the discovery of ER and MR fluids dates back to the 1940s, only re­
cently have they been applied to engineering applications. To date, a number of ER 
fluid dampers have been investigated for civil engineering structural vibration control 
applications [15-17,29,30]. In [31], the semi-active control of a vibrating system is 
achieved by means of an ER damper using Lyapunov stability theory. To accommo­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
date state measurement errors the proposed control scheme is combined with fuzzy 
control concept. In [32], two control schemes, one based on minimizing the rate of 
change of energy of the body and the other based on considerations of Lyapunov 
stability theory are proposed for attenuation of undesirable vibrations. A full car 
suspension system featuring ER dampers was proposed and its feedback control per­
formance was presented via hardware in-the-loop simulation in [33]. In order to obtain 
a favorable control performance of the ER suspension system subjected to parameter 
uncertainties and external disturbances, a sliding mode controller is designed.
A number of experimental studies have been conducted to evaluate the usefulness 
of MR dampers for vibration reduction under wind and earthquakes. In Refs. [1-3,34- 
36], MR dampers are used to reduce the seismic vibration of model building structures. 
Refs. [4-6] incorporated an MR damper with a base isolation system such that the 
isolation system would be effective under both strong and moderate earthquakes. 
A Lyapunov based controller is designed to protect large civil structures using MR 
dampers [37]. Skyhook and sliding mode controllers for semi-active MR damper 
shock isolation systems have been proposed in [38]. In [39], a sliding mode controller, 
robust against parameter variations and external disturbances, was formulated to 
attenuate the acceleration and displacement of the landing gear system. A semi­
active controller based on Lyapunov design [40] for vibration suppression has the 
disadvantage of excessive chattering of the control input.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2 Overview of the Thesis 
So far, most of the published research for MR fluid-based systems are largely 
concentrated on the modeling issues of nonlinear hysteric phenomenon of the system 
using experimental data. In this research work, the main focus is directed to the 
semi-active feedback control design of the MR damper system. The contribution of 
this thesis lies in the
(1) Stability analysis of the MR damper shock isolation system
(2) Design of
(i) Nonlinear inverse (feedback linearization) control law and
(ii) Nonlinear suboptimal control law based on SDRE method 
for a two degree-of-freedom MR damper shock isolation system
(3) Mathematical modeling and predictive controller design of single degree-of-freedom 
MR damper system
(4) Predictive control system design of MR elastomer shock isolation system.
The organization of this thesis is as follows. Chapter 2 deals with the stability 
analysis of a two degree-of-freedom magnetorheological (MR) fluid damper system. 
In this study the hysteretic Bingham model is used for analysis. It is shown that for 
the choice of arbitrarily time-varying input current to the damper, the equilibrium in 
the state space is globally exponentially stable i.e., the system is absolutely stable. 
This result is based on the representation of the system whose feed forward path 
contains a linear time-invariant subsystem and feedback path contains a memoryless 
time-varying nonlinearity. Then using the circle criterion [41,42], absolutely stability
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of the system is established. Interestingly, the circle criterion provides an elegant 
geometric interpretation, which is reminiscent of the Nyquist criterion.
In Chapter 3, two control laws namely (i) a feedback linearizing control law (in­
verse control law) and (ii) a suboptimal nonlinear feedback control law are designed. 
For the design of the inverse control law [43], the inertial position coordinate of the 
payload is chosen as the controlled output variable. In the closed-loop system, lin­
ear stable dynamics of the position error are obtained for unconstrained input, but 
for simulation control, saturation is introduced. The suboptimal control system is 
designed via the state dependent Riccati equation (SDRE) method [44-47]. The ad­
vantage of this approach is that one can incorporate control constraint in the design 
process. It is pointed out that the design of constrained control law for nonlinear 
systems is a difficult task. The design method provides flexibility in shaping the 
transient response of the payload mass by the choice of weighting matrices in the 
quadratic performance index. Numerical results using both controllers are presented 
which show that in the closed-loop system, shock isolation of the payload is achieved 
using the MR damper.
Chapter 4 deals with the mathematical modeling and predictive controller de­
sign for a single degree-of-freedom magnetorheological (MR) fluid damper. First, the 
mathematical model of the magnetorheological fluid damper is developed using data 
obtained from laboratory tests. Then, following the predictive control technique de­
scribed in [48], we designed a nonlinear control system for the MR damper based 
shock isolation system. For the derivation of the controller, a performance index that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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is a quadratic function of the predicted values of displacement, velocity, acceleration, 
jerk and the control input is optimized. The advantage of this controller is, when the 
control saturation occurs, the predictive control is still the best choice within the con­
trol limits which minimizes the chosen performance index. The weighting parameters 
associated with the corresponding variables provides a trade-off between satisfactory 
system performance and the control magnitude requirement. The delay of the control 
input is modeled using a first order low pass filter. Simulation results are presented 
which show that the mathematical model developed is effective in characterizing the 
for ce-velocity characteristics of the MR damper and in the closed loop system the 
designed predictive controller is effective in the shock isolation of the payload mass.
In Chapter 5, a predictive controller is designed for a single degree-of-freedom MR 
elastomer system. For the purpose of design, the variable stiffness characteristics of 
an MR elastomer is modeled using a first order dynamic equation. For the derivation 
of the controller, a performance index that is a quadratic function of the predicted 
values of acceleration and the control input is optimized. Simulations show that in the 
closed loop system the designed predictive controller is effective in the shock isolation 
of the payload mass.
Finally, some concluding remarks are made in Chapter 6 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
MATHEMATICAL MODELING AND STABILITY ANALYSIS OF TWO 
DEGREE-OF-FREEDOM MR DAMPER SYSTEM 
The mathematical model of the MR damper considered in this chapter is based on 
the hysteretic Bingham model [19,20]. Of all the models proposed in literature the 
hysteretic Bingham model results show a very small force error and is simple to 
formulate. Using this model, the stability of the equilibrium point of the two degree- 
of-freedom MR damper shock isolation system is examined using circle criterion [42], 
a powerful tool for analyzing the stability of nonlinear systems.
2.1 Mathematical Modeling 
Figure 2.1 shows the two degree-of-freedom shock isolation system including the 
MR damper. The equations of motion are given by
m i i i  =  —k\{zi  — Z2 ) — Fd{z)  (2.1)
n i 2 Z 2  =  —M(^2 — ■2 l) — k 2 { Z 2  — u )  — €2(^2 ~  w) +  F d { z )
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t  z l
k l Fd
t  z2
c2k2
m l
m2
Figure 2.1: MR Damper Based Shock Isolation System
where zi,zg denote the positions of the payload mass (mi) and mass (mg) from 
equilibrium position; ki is the spring constant {i =  1, 2); Cg is the damping coefhcient, 
u and Ù are treated as disturbance inputs and Fd{z) is the MR damper force which 
is of the form
Fd{z) =  CpoAz +  k A z  +  Fn tanh[AiAgAz +  AgAi] 
F n ( t )  =  Q +  p l c { t )
(2 .2)
where a  > 0 , /? > 0, Az=zi  — zg, A i= ii-Z 2, A, > 0, Cpo > 0, A: > 0. We have used 
hysteretic Bingham model in Eq. (2.2) and we notice that MR damper has linear 
viscous damping as well as it is a nonlinear function of Az and A i. Ic{t) is the current 
which is the control input.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Define the state vector x —[zi Zi zg zg]^ eR'^ then a state variable representation of 
Eqs. (2.1) and (2.2) can be written in the form
X = Ax  +  B v  + d{t) 
with an associated output (y) and input (v) where
y A iA g  Ag — A%Ag — Ag X  = Cx
v{t) =
0 1 0 0
-ki-k Cpo +/c £e£mi mi mi mi
0 0 0 1
ki-\-k C£0 ~ki —k2 — k ~Cpo—C2
m2 m2 m2 m2
B  =  
C =
d =
0 (1/m i) 0 - ( 1/mg) 
Ai A g  Ag — A iA g  — Ag
0 0 0 (fcgu + Cg«)/m g
and the time-varying nonlinearity is
<̂ (t, y) = (a + Plc{t)) tanh[AiAgAz + AgAz]
(2.3)
(2.41)
(2.5)
The constant matrix A is easily obtained from Eqs. (2.1) and (2.2) by comparison. 
It is assumed that the current A (A) satisfies the inequality
(2 .6 )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2.2 Absolute Stability 
In this section, stability of the equilibrium point of the system Eqs. (2.3) and 
(2.4) when the input current Ic{t) (see Eq. (2.6)) is a piecewise continuous function 
of time, but the disturbance d{t) = 0, is examined. The system Eqs. (2.3) and (2.4) 
(with d{t) — 0) can be viewed as a negative feedback system (see Fig. 2.2) in which 
the forward path contains a linear system having input v{t) =  —(f){t,y) and output 
y; and the feedback loop contains the time-varying nonlinearity (f){t,y). The transfer 
function in the forward path is
ÿ(s)/û(a) =  C (s / -  A )-^B  =  G(s) (2T)
where"denotes the Laplace transform. For system Eq. (2.3), the matrix A is Hurwitz 
(i.e., the eigenvalues of A have negative real parts).
X = Ax + Bu 
y = Cx
Figure 2.2: Block Diagram
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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D efinition: The nonlinearity (f> : x  R  R  is said to belong to the sector [0 ,7 ],
7  > 0 if
{i)(j){t,0) =  0,Vt G R ^ ,and
(n)0 <  # ( ( , ; / )  <  7!/^,V( E G A (2.8)
For the MR damper Ic{t) is always positive and 7  defining the sector is j={a+/3Icm) > 
0. One can easily see that the nonlinearity lies in the first and third quadrants
in the (0-y) plane for all t >  0. As such the question of absolute stability of the 
system requires the resolution of the Lure’s problem.
D efinition: The feedback system Eqs. (2.3) and (2.4) is absolutely stable if z =  0 
is globally exponentially stable for every function (j) \ Rj^ x ^  R^ belong to the 
sector [0 7 ].
It is pointed out that here we are concerned not with a specific system but a class 
of systems since the nonlinear function <^(t,y) depends on the arbitrary piecewise 
continuous control signal Ic{t) and can assume any form as long as it belongs to the 
sector [0 ,7 ]. For the system Eqs. (2.3) and (2.4), the matrix (A,B) is controllable 
and (C,A) is observable. That is, the controllability matrix [B,AB, ...,A^B], and the 
observability matrix [C^, (C A )^ ,..., (CA^)^]^ are nonsingular (T denotes transposi­
tion).
For the stability of the feedback system with sector bounded time-varying nonlin­
earity, an elegant theorem (circle criterion) can be invoked.
T h e o rem l: Consider the controllable and observable system shown in Figure 2.2 for 
which (/>(.,.) satisfies the sector condition Eq. (2.8). Then the system is absolutely
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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stable if G (s) is Hurwitz and
inf Re[G{juj)\ +  -  >  0
wER 'y
(2.9)
where Re denotes the real part.
Geometrically, inequality Eq. (2.9) implies that æ =  0 is globally exponentially 
stable if the Nyquist plot of G (jo;) lies to the right of the vertical line passing through 
the point ( - l /7 )+jO in the complex plane. Parameters of the hysteretic Bingham 
model [28] are a = 132, (3 =  171, Cpo — 5000(Nsec/m), k =  4000 (N/m), =  0.7,
Ag =  500. For the system parameters mi =  745 (Kg), mg =  65 (Kg), fci =  52,000 
(N/m), fcg =  156,000 (N/m), cg=530 (Nsec/m), the Nyquist plot is shown in Figure 
2.3. We observe that the Nyquist plot of G(s) indeed satisfies Fq. (2.9) for all u  E R. 
Therefore the system is absolutely stable (i.e., x =  0 is globally exponentially stable). 
It is important to note that this result is independent of the choice of system param­
eters and global exponential stability is guaranteed no m atter how /c(t) is varying as 
a function of time.
N yquist D iagram
Î
R eal Axis
Figure 2.3: Nyquist Plot
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CHAPTER 3
FEEDBACK LINEARIZING AND SUBOPTIMAL CONTROL 
In the previous chapter we have examined the absolute stability of a two degree-of- 
freedom shock isolation system, and now the question of position control and shock 
isolation of payload mass arises. This chapter deals with the design of feedback 
linearizing [41-43] and SDRE based suboptimal control laws [44-47]. In both the 
cases, first the control laws are derived for general systems and then it is extended to 
the MR damper shock isolation system. For the design, it is assumed that the control 
input (electric current) is bounded and positive for all time.
3.1 Feedback Linearization
A large class of nonlinear systems can be made to have linear input-output be­
havior through a choice of nonlinear state feedback control law.
3.1.1 Introductory Concepts 
Consider the single-output single-input system
X = f ( x )  + g(x)u
u! =  h{x) (3.1)
15
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where x G R" (with BP' a smooth manifold), /  and g are smooth vector fields, and h 
is a smooth nonlinear function. In this case, smooth will mean C  with r  sufficiently 
large. Differentiating w with respect to time, we get
w =  dh{f{x)  +  g{x)u)
=  Lfh{x)  + Lgh{x)u  (3.2)
where Lfh{x)  \ BP R  and Lgh{x) . RP ^  R  are the Lie derivatives of h with 
respect to /  and g respectively. If Lgh{x)  is bounded away from zero for all x, the 
state feedback law given by
u =  {—L fh  + Ua) (3.3)
Lgh
results in a linear system from to uj given by
ù  =  U a  (3.4)
The control law Eq. (3.3) also has the effect of rendering (n — 1) of the states of the
system Eq. (3.1) unobservable through state feedback.
In the instance that L g h { x )  — 0 for all x, we differentiate Eq. (3.2) again to get
U) Llh{x)  +  LgLfh{x)u  (3.5)
In Eq. (3.5), L ‘jh{x)  =  Lf{Lfh){x)  and LgLfh{x)  =  Lg{Lf)h{x).  Now, if 
LgLfh{x)  is bounded away from zero for all x, then the control law given by
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yields the input-output system
Ü  =  Ua  (3.7)
More generally, if 7  is the smallest integer for which LgUfh{x) — 0 for all x  and 
i =  0 , . . .  ,7  — 2 and LgLj~^h{x)  is bounded away from zero, then the control law
given by
Ti-iu f  \ ( L jh  + Ua) (3-8)LgLJ h{x)
yields
üu/Tl =  (3.9)
D efinition: The SISO nonlinear system Eq. (3.1) is said to have relative degree 7  at 
xq (an equilibrium point) if there exists a neighborhood U of xq such that, for x e  t/,
L g U j h { x )  — 0 0 < 2 < 7  — 1
Z,gZ,}-^/2(x) ^  0 (3.10)
3.1.2 Feedback Linearization Control Law for the MR damper System
The state variable representation of the MR damper system shown in Fig. 2.1 is
given in Eq. (2.3) as
X = A x B v  + d{t) (3.11)
Since we are interested in position control of payload mass, consider the controlled 
output variable
u) = X\ (3.12)
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For the derivation of the control law, one differentiates w(t) along the solution of Eq. 
(3.11) till the control input appears. Differentiating u  twice and using Eq. (2.1) gives
Co =  [—k iA z  — CpoAz — k A z  — atanhy — P{tanhy)Ic{t)]/mi
=  a*{x) +  b*{x)Ic{t) (3.13)
where nonlinear functions a* and 6* are easily obtained from Eq. (3.13).
So, the MR damper system has a relative degree of 2 which is equal to the order 
of the system, which implies that for this choice of output variable the system is 
input-state linearizable. In view of Eq. (3.13) an inverse control is obtained of the 
form
Ic{t) = (6*)"^(x)[-a*(x) - P 2ÛJ-PIUJ] (3.14)
=  /2(x)
substituting Eq. (3.14) in Eq. (3.13) gives
LÜ -|- p^A -|- p\OJ =  0 (3.15)
For a choice of % > 0 and pi > 0, it follows that a; =  xi —> 0 as t —> oo. By the 
proper choice of the feedback gains, one can shape the transient response of Xi.
It is seen from Eq. (3.14), that h*{x) tends to zero as y = AiAgAz + X^Az tends 
to zero and /c(t) tends to infinity. Since /c(t) G [0, Icm], one can modify the control 
law Eq. (3.14) as follows
0 , < e or p(x) < 0
/c(Z) X:r), 0 <  //(x) <  7cm
^cmi Icm ^  /^(x)
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where e is >  0 . We note that whenever, fi{x) < 0 , y{x) > I  cm and \b*\~  ̂ < e, 
feedback linearization is lost; however, according to the results established in the 
previous chapter, stabilization of system is accomplished if d{t) =  0. Furthermore, 
since the system with d{t) =  0 , is absolutely stable, it easily follows that for any 
bounded disturbance input d{t),x{t) remains bounded even if the saturating control 
law Eq. (3.16) is implemented.
3.2 Suboptimal Control Law: SDRE Design 
This section presents the derivation of the suboptimal control law using the SDRE 
method. In this derivation it is considered that the system experiences an impulsive 
force at t =  0. As such, the initial condition of the system is instantaneously per­
turbed, therefore for t > 0 it behaves as a system given by Eq. (2.3) with d(t) — 0.
Then the system Eq. (2.3) can be written as
X = Ax  — aB{tanhy)  — f3B{tanhy)Ic (3.17)
It will be convenient to express the input current as
7c =  (7cm/2) -I- Me, llfcl <  (7cm/2) =  22cm (3.18)
where Uc is now treated as a control input. Then Eqs. (3.17) and (3.18) give 
X = Ax — B[a +  {picm/‘̂ )]tanhy — PB{tanhy)uc
= AgX — BgUc (3.19)
where
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Bg = pBtanh{Cx)  (3.20)
The SDRE method is suitable for the design of stabilizer even when there is a hard 
constraint on the input Uc- Following [44], the bounded control problem is transformed 
to an equivalent nonlinear regulator problem by introducing a slack variable Xg which 
satisfies
Xg = Un (3.21)
where is a new control input and Uc takes the form of a saturation sin function 
given by
Uc — satsin{ucm,Xg) (3.22)
where one defines
22cm fo r Xg >  7T/2
UcmSinXg for —tt/2  <  x  ̂ <  tt/2 (3.23)
—22cm for Xg < —7t/2
Defining the augmented state vector as Xn=(x^, Xg)^ G the system Eq. (3.19)
and Eq. (3.21) can be written as
Xg =  Ao(Xo)Xa +  Ba22,i (3.24)
satsin{ucm,Xg) — <
where
(3.25)
Consider an optimal control problem in which for the nonlinear system Eq. (3.24), 
the performance index of the form
A s ■̂ s 04x1
A a  = ,B a  =
0 l x 4 0 1
1
X  -  g y  +  622 )̂dt (3.26)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Qa =
Q  O4 X1
Oix4 Rqq
21
(3.27)
where
{
;satsin(ucm,Xs)/xs 2̂ |„ \ ^/O
‘ (3.28)
[ !^ ]2  |a:.| >  TT/2
is to be minimized, where Q{x) is a positive definite symmetric matrix and 72 > 0 
for all Xa G 72̂ . The weighting matrix Qa(xa) and the scalar function e > 0 are 
chosen properly for obtaining desirable responses in the closed-loop system. Instead 
of deriving an optimal control law, for simplicity, a suboptimal control law is designed 
using the SDRE method.
Consider a region of interest G 72̂  of the state space surrounding the origin 
Xa =  0. For the existence of a solution using the SDRE method, the following 
assumption is made.
A ssu m p tio n ! : The pair (Aa(xa), Ba) is point-wise stabilizable at each x„ G D. 
Now for obtaining a suboptimal solution using the SDRE method, one solves the 
state-dependent Riccati equation given by
(Xa)f(Xa) 4- R(Xa) Aa(Xa) -  f  (X a)^.^"^^^ f  (x«) 4" 0a(x«) =  0 (3.29)
to obtain a symmetric positive definite solution for P(x„). Then the nonlinear feed­
back control law is given by
22n(Xo) =  -C''^BnP(Xa)Xa (3.30)
Readers may refer to [46] for the properties and capabilities of the SDRE method. It
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is interesting to note that the suboptimal law satisfies
dH{xa,X)/dun = 0, (3.31)
where the Hamiltonian of the nonlinear optimal control problem is
H{Xa, X) = {l/2)[xlQa{Xa)Xa +  e ~ ^ l ]  +  A^[A„(Xa)Xa +  PaW ] (3.32)
and A G 72̂  is the co-state or the Lagrange multiplier. Substituting the control law 
Eq. (3.30) in Eq. (3.24) gives the closed-loop system
Xa = \Aa{Xa) ~  B P { x a ) ] x a  =  Ac(Xa)x„ (3.33)
The closed-loop matrix Ac{xa) is guaranteed to be Hurwitz at every x„ G D from 
the Riccati equation theory. Since the elements of A„(xa) are smooth functions, 
expanding Ac(xa) about x„ =  0 , and using mean value theorem, one can show that 
the equilibrium point =  0 of Eq. (3.29) is asymptotically stable. The performance 
of the closed-loop system depends on the weighting matrix Qa{xa) and the parameter 
e .  Following a similar argument as described in Section 2.2, it can be shown that in 
the presence of d{t) for t >  0 , the control law yields bounded solution for x{t) since 
the system with d{t) — 0 , is absolutely stable.
3.3 Simulation Results 
In this section, the simulation results are presented. Parameters of the hysteretic 
Bingham model [28] are a = 132, /3 =  171, Cpo — 5000(Nsec/m), k =  4000 (N/m), Ai 
=  0.7, As =  500. The mechanical parameters used for the simulation are rrii — 745
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(Kg), m2 =  65 (Kg), kl =  52,000 (N/m), k2 = 156,000 (N/m), C2=530 (Nsec/m). For 
the impact force applied to m2, a velocity shock of 10 (m/s) is used in the simulation 
as a velocity initial condition for m 2.
Figures 3.1-3.8 show the responses of the closed-loop system including the feed­
back linearizing controller and the control system designed via the SDRE method. 
For feedback linearizing control, the values of pi and ps are taken as 16 and 5.656 
respectively for Figures 3.1 and 3.2. Figures 3.3 and 3.4 show the effect of the choice 
of Pi and P2 on the system response. The values of pi and p2 in this case are taken 
as 100 and 14.14 respectively.
As we can see from Figures 3.5 and 3.7, in suboptimal control the final value of A 
is lA  since A — (/cm/2) + Uc- In the simulation the value of Am is taken as 2A, and 
the values of qn  and Ç33 (the elements of the weighting matrix) are taken as 10® . To 
show the effect of the choice of Q (the weighting matrix) simulations are carried out 
with qii = Ç33 =  10. The responses are shown in Figures 3.7 and 3.8. To show the 
effectiveness of the proposed semi-active controllers, the response of certain variables 
(xi,U i,ai) are compared with 1 = 0 (passive) and 1 = 2 (active) cases. From the 
plots, we can see that the semi-active controllers are slightly better than the passive 
and active cases. As shown in Figures 3.1-3.8 the proposed control laws are effective 
in shock isolation of the payload mass m i.
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3.4 Summary
In this chapter, the control of a two degree-of-freedom magnetorheological damper 
system was considered. Hysteretic Bingham model was used for the representation 
of MR damper. Two control systems, namely (i) an inverse control law and (ii) a 
suboptimal control law were designed. The input current was clamped to meet the 
magnitude limits in the inverse control law design. The suboptimal control law was 
designed via the state dependent Riccati equation method in which constraint on the 
current was imposed in the design process. Extensive simulation was done. These 
results show that the derived control systems are effective in position control and 
shock isolation of the payload. The control systems have enough flexibility in the 
choice of feedback parameters to shape the transient response.
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CHAPTER 4
MATHEMATICAL MODELING AND PREDICTIVE CONTROL 
In the previous two chapters, a hysteretic Bingham model is used for stability analysis 
and design of a two degree-of-freedom MR damper based shock isolation system. In 
this chapter, a mathematical model for the MR damper RD-1005-3, developed by 
Lord Corporation is derived based on experimental data. Based on this model, a 
predictive control system is designed for the shock isolation of single degree-of-freedom 
MR damper system.
4.1 Mathematical Modeling 
In order to take full advantage of the unique features of the MR damper, a mathe­
matical model must be developed which can accurately predict its behavior. Moreover 
the development of an effective controller for effective damping depends upon the pre­
cise characterization of force velocity characteristics of the MR damper.
4.1.1 Experimental Setup and Modeling of Force-Velocity Characteristics 
The MR damper RD-1005-3, developed by Lord Corporation is employed for mod­
eling its hysteretic for ce-velocity characteristics. The experimental setup is shown in 
Fig. 4.1. The damper consists of a nitrogen-charged accumulator and two MR-fluid
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
chambers separated by a piston with orifices and coils. A DC current, limited to 2A
serves as the control current for the MR damper.
Figure 4.1: Experimental Setup
The force, displacement and velocity of the MR damper are observed in order to 
characterize the damper hysteresis for different range of excitation signals. The ex­
periment on the MR damper was conducted in the MTS hydraulic machine by in­
stalling the damper between the exciter and a fixed frame through a force transducer. 
Displacement sensor is installed on the exciter to observe the instantaneous position 
of the damper. The instantaneous velocity is calculated by differentiating the dis-
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placement values. The damper is then subjected to sinusoidal excitations of different 
fixed amplitudes at different discrete frequencies. The force and displacement values 
acquired through a data acquisition board, are directly imported into an excel work­
sheet using dynamic data exchange. RheoneticTM Wonder Box Device Controller 
Kit is used to supply the control current to  the MR damper. The experiment is 
conducted for a frequency values of IHz and 3Hz keeping the amplitude constant and 
for different values of control current (increments of 0.5V) for each frequency. The 
amplitude at 3 Hz is kept down in value in order to make sure that the MR damper is 
operated within the safe velocity limit. The plot force vs. velocity showed significant 
hysteresis and the inference that the behavior of the MR damper strongly relied on 
the applied current, frequency and amplitude. Any hysteresis curve can be well fitted 
using two tan hyperbolic function provided we employ some constants to account for 
the amplitude, horizontal and vertical offset of the curve. One of the tan hyperbolic 
function takes care of the ascending part of the hysteresis while the other takes care 
of the descending part. Moreover we have to come up with a mathematical model, 
which will account for the change in damping due to the command current. Lets say 
that the damping force of the MR damper is given by
Fd = {a + pid)tanh{X{v H- V b S g n { v ) ) } { l  + k\v\) H- Fdo (4.1)
The model mentioned above comprises of five parameters, which accounts for the 
various attributes of the hysteresis curve. The tan  hyperbolic function is multiplied 
by the term a + (51 d in order to account for the variation in the damping force due 
to the variation in the command current. The v  -h V b s g n { v )  accounts for the shift in
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velocity corresponding to zero force during acceleration and deceleration. An offset 
in the force Fdo is included to account for the nonzero mean observed in the measured 
force due to the presence of the accumulator.
The ability of the above mathematical model to predict the behavior of the MR 
damper was determined by fitting it to the experimental data obtained by sinusoidal
excitation of 1 Hz. The command current to the MR damper was varied from 0.3A
to 2A.
For obtaining the parameters in the analytical model of Eq. (4.1), the method of 
least squares is used for minimizing
N
E  =  (4.2)
1 = 1
v/here Egxp is the force obtained by the laboratory tests.
Substituting for Fd in (4.2) gives
N
E  = y~^{(o: +  (3Id)tanh{X(v +  Vft)}(l +  A:|u|) +  Fdo — F^^p}^ (4.3)
1=1
Differentiating the above equations partially with respect to the parameters and 
equating them to zero yields the values of five parameters a , P , X , V b , k .
g E  a E  a E  a E  a E  ^
Basically here we have 5 simultaneous equations with five unknowns. Solving the 
above five equations the values of parameters are a  =  179.87V,/3 =  269.53V/A, A = 
91.2s/m,A: =  33.2s/m,Vb = 0.00028bm/s, Fdo =  155.7V. Substituting these values of 
the parameters in the model, the damping force for any given velocity and control
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Figure 4.2: MR Damper Based Single Degree-of-Freedom Shock Isolation System
current can be calculated. Comparison of the for ce-velocity plots for each of the 
command current is shown in Fig. 4.3 and Fig. 4.4.
4.1.2 Mathematical model of the MR damper system 
Figure 4.2 shows a single degree-of-freedom magnetorheological fluid damper (MFD) 
system. The dynamic equation describing the motion of the mass M is given by
M zi  — —K[zi  — Z2 ) — C{zi — £2 ) — F (4.5)
where zi is the position of the payload mass M; Z2 is the position of the base; K 
and C are spring and viscous damping coefficients respectively. In this model, Z2 and 
V2 =  £ 2  describing the position and velocity of the base are exogenous signals which 
are measurable and are obtained by integrating specified acceleration profile of the 
base experienced in the field tests. The MFD generated force is given by
F = {a + (5Id)tanh{X{vi -  V2 )) 4- F)do (4.6)
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where Vy =  i i ,  V2 =  Z2, and a,/3, A are constants. The derivation of predictive 
controller is done using a simplified model of Eq. (4.1) and we notice that MR 
damper has linear viscous damping as well as it is a nonlinear function of A i. The 
delay in generating the MFD force is modeled by a first order filter
/ j  =  _ T - V j  +  T - V ,  (4.7)
where Ic is the current input and r  is the time constant.
We are interested in designing a control system so that the shock transmitted to 
the payload is minimized and the subsequent motion, when the external force on the 
base has disappeared, is quickly damped.
4.2 Predictive Control Law Design 
This section presents the derivation of the control law. Since the objective is to 
minimize the transmitted shock to the payload, a performance criterion of the form 
zj ^^(t +  /i) +  +  h) +  T  h) +  (t +  h) +  el^
J
(4.8)
2
where denotes the third derivative of zi, and Z{t) =  [zizizjzj^^]^ G Q = 
diag(gi), i =  1,..,4 g* > 0, c > 0 are positive real numbers, is chosen.
The design is based on the optimization of J  by a choice of R using the nonlinear 
predictive control technique. It is noted that by the choice of the weighting parameters 
Qi and e, it is possible to make trade-off among the response characteristics of the 
position, velocity, acceleration and jerk variables, and the input current magnitude.
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Defining x = [zi, i i ,  7^]^ G as the state vector, one obtained the state variable 
representation of the MFD system as
X =  fo(x, V2 ) + glc +  d{z2 , V2 ) =  /(x , t) +  glc (4 .9 )
where
X2
- K z i  -  C x 2 -  ( a  +  Pxs)tanh{X{x2 — V2 )) — M  x  9 .8
-r ^33
/ ( æ ,  7) =  /o ( j ; ,  U2 ) +  d ( z 2 , 1̂ 2 )
9 =
—r -1
We note here that f { x , t )  and d{t) as functions of t indicate their dependence on the 
variables (^2,^2)-
To this end it will be convenient to introduce Lie derivative of a scalar function
7 ( x , 7 )  along a vector field f ( x , t )  defined as
and the Lie derivative of 7 (x ,7) with respect to the vector field g as
Lg7(x,7) =
(4 .1 0 )
(4 .1 1 )
Then it easily follows that
1 0 0 /(x ,7 ) =  X2
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LjZi — Lf(LjZi ) 0 1 0 /(x ,7 ) =
LgZ\   0, LgLfZl    0.,LgLjZl   Lgf2{x^t^ -9ax  ax 3 '
and the derivatives of z% are given by z'l =  LfZi,  i j  =  L ‘jz i , z^^  =  L^zi +  {LgL’̂ zijlc- 
For the predictive control design we expand z \ , zf and i f  using Taylor series to 
obtain
Z i ( 7  +  h )  —  Z i { t )  +  Z \ ( t ) h  +  T  ( 7 ) —  +  h . o . t
— Zi{t) + h{LfZi)  +  — (L ^ z i)  +  — [I / jZ i 4- {LgL'fZi)Ic\
3!
z ' i ( 7  4 "  h )  =  Z i ( 7 )  4 “  Z \ { t ) h  +  zj ^ ( 7 )  — — h  h . o . t
2 !
h?
—  L f Z i  4 -  h ( T y Z i )  4 -  —  [ L j X i  4 -  { L g L ‘j x i ) I c \
i i ( 7  4 -  h )  =  z j ( 7 )  4 -  z f \ t ) h  +  h.o.t
—  7 / j X i  4 -  h [ L j X i  4 -  { L g L ‘j x i ) l c \
where h >  0 is a small design parameter.
Using Eq. (4.13), one has
Z i  ( 7 )  +  h L f Z \  4 -  ^ Z / y X i  4 "  ^ L ^ j Z \
L f Z \  4 “  h Z / y Z i  4 *  ^ T y Z i
L?jZ\ 4“ /iTjZi 
R/Zi
A R ( z , 7 ) 4 - D ( x , 7 ) 7 ,
Z{t) —
(4 .1 3 )
h?
3!
21
+
h
1
(^LgL jZ\)Ic
(4 .1 4 )
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where E is defined in Eq. (4.14) and D(x,t) is D (x ,t)= [^ , h, 1]^ G R^.
Now the performance index can be compactly written as
(4 .1 5 )
For minimizing J  we differentiate J  with respect to R,  and set the derivative to 
zero, yielding
^  =  D^(x, t)QE{x, t) +  (D^(x, t)QD{x, t) + e)Ic = 0
Solving Eq. (4.16) gives the optimal control law
^  D^{x , t )QE{x , t )  A , .
Of course, the current input is constrained and is bounded as
(4 .1 6 )
(4 .1 7 )
0 <  h{t) < h (4 .1 8 )
where is its maximum value. Thus the predictive control law satisfying the in­
equality Eq. (4.18) is given by
;c(7)
/r*(:c,7), 0 < //* (a ;,7 )< 7 n
0 , z / /.(*(3:,7)<0
Imi h (^) 7) > /jji
4.3 Simulation Results 
In this section, the simulation results are presented. Figures 4.2 and 4.3 show the 
validity of the proposed model by comparing it with the experimental results. In the
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plots shown, solid line indicates experimental results and the dashed line indicates 
the force obtained from model Eq. (4.1). The values of various parameters of the 
model are found to be a  =  179.87, (5 =  269.53, A =  91.2, F^q =  155.69 using the 
method of least squares. The mechanical parameters used for the simulation are M =  
10 kg, K =  2500000 N/m , C — 100 N.s/m. The parameter t  in Eq. (4.7) represents 
the delay in generating the damper force and is taken as 1 ms.
Figure 4.4 shows the acceleration and velocity profiles from typical ballistic shock 
applied under military vehicle. Figures 4.5 and 4.6 present the simulation response of 
the MR damper shock isolation system against the acceleration impact waveform of 
Fig. 4.4 using the predictive control technique and passive frictional damping. These 
two figures have the same value of mechanical parameters but different weighting ma­
trices to emphasize the effect of weighting matrices on shock mitigation performance. 
The weighting parameters for Fig. 4.5 are q\ = 0,^2 =  100, Ç3 =  1,54 =  l ,e  =  10~® 
and for Fig. 4.6 they are =  1,92 =  10, 53 =  1, Ç4 =  1, e =  10~® and h =  10“  ̂ is the 
design parameter used in both the cases. Fig. 4.7 presents the shock response spectra 
for passive frictional damper ( /  =  0) and semi-active MR damper. It is evident from 
this plot tha t the semi-active MR damper shows same or better shock mitigation 
performance than a passive frictional damper for most of the frequency range. As 
shown in the plots the proposed model is effective in characterizing the MR damper 
characteristics and the designed predictive controller is effective in the shock isolation 
of the payload mass.
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4.4 Summary
In this chapter, a new model for MR damper is developed based on the experimen­
tal results. The validity of the proposed model is shown for different voltage values 
(magnetic excitations). Then a predictive controller based on the simplified model is 
designed. The magnitude of control input is not clamped in an ad-hock way since it is 
made as a design parameter by the choice of weighting matrices. Extensive simulation 
was done. These results show that the derived control system is effective in the shock 
isolation of the payload. The predictive control system has enough flexibility in the 
choice of weighting parameters to shape the transient response.
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Figure 4.3: Force-Velocity plots of the MR damper (Experimental results and the 
mathematical model)
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Figure 4.4: Force-Displacement plots of the MR damper (Experimental results and 
the mathematical model)
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Figure 4.5: Shock input applied to the base
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Figure 4.8: The shock response spectra (SRS) of the shock isolation system.
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CHAPTER 5
MATHEMATICAL MODELING AND PREDICTIVE CONTROL OF MR 
ELASTOMER BASED SHOCK ISOLATION SYSTEM 
During the simulations carried out on MR damper shock isolation system, it is noted 
that change of stiffness has more effect on the maximum transmitted acceleration 
than change of damping. In order to verify its feasibility, a predictive control system 
is designed for the shock isolation of single degree-of-freedom MR elastomer system. 
For the purpose of analysis and design of the predictive control system, the variable 
stiffness of MRE is modeled using a first order dynamic equation.
5.1 MR Elastomer
Magnetorheological elastomers consist of natural or synthetic rubber filled with 
micron-sized magnetizable particles. During curing of the elastomer, an applied mag­
netic held aligns the particles into chains. The shear modulus of the resulting cured 
material is sensitive to magnetic helds of several kiloOersteds (kOe) magnitude. At 
large helds {H > IT),  the Fe particles are completely magnetized or saturated. Fig­
ure 5.1 shows the change of stiffness of RTV 500 silicon (50% particle loading), with 
the application of magnetic held of 0.5 T. The stiffness of the MR elastomer is given
50
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Figure 5.1: Effect of magnetic field on the stiffness of MR elastomer
by the slope of stress-strain curve.
5.2 Mathematical Modeling 
Figure 5.2 shows the single degree-of-freedom shock isolation system including the 
MR elastomer. It is assumed that the payload mass is rigid. The equations of motion 
are given by
m'ô + F{0,5) = —mil (5.1)
where ô is the deflection of the spring, F{5,0) is the force exerted on payload mass 
m  and ü is the absolute input acceleration.
The internal stress in mass m  is proportional to x{0 +  il), which is given by
m x — —F{0, Ô)
The force exerted on payload mass m  is given by
(5.2)
(5.3)
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Figure 5.2: MR elastomer based single degree-of-freedom shock isolation system
where C  is the damping coefficient and k is the variable spring stiffness given by
k — kQ + ki{t) (5.4)
where ko is constant spring stiffness and ki {t) is the variable spring stiffness modeled 
using a first order dynamic equation
Tkh{t) + ki{t) =  GI (5.5)
where is the time constant, 1 is the control input and G is the gain of the MR 
elastomer.
Substituting Eqs. (5.3) and (5.4) in Eq. (5.1), we get
1
6 =  — {—GÔ — {ko -F ki{t))S — mu) 
m
(5.6)
We are interested in designing a control system so that the shock transm itted to 
the payload is minimized.
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5.3 Predictive Control Law Design 
This section presents the derivation of the control law. Since the objective is to 
minimize the transmitted shock to the payload, a performance criterion of the form
J  =  —Qx‘̂ (t + h) + — (5.7)
where Q > 0, e > 0 are positive real numbers, is chosen.
The design is based on the optimization of J  by a choice of I  using the nonlinear 
predictive control technique. It is noted that by the choice of the weighting parameters 
Q and e, it is possible to make trade-off among the response characteristics of the 
acceleration and the input current magnitude.
For the predictive control design we expand x  using Taylor series to obtain
x{t + h) = x{t) + x^^\t)h  (5.8)
where x^^  ̂ denotes the third derivative of x  and h > 0 is a small design parameter. 
Differentiating Eq. (5.8), one has
x^^\t) =  — [-CÔ — {ko 4- ki{t))ô   {GI — A;i(t))5]
TO Tjç
= (oo +  bol) (5.9)
where Uq is the collection of terms not containing coefficient 1 and bo is the collection 
of terms containing coefficient I  in Eq. (5.9).
Now the performance index can be written as
J  =  -Q [z(t) 4- (oq 4- boI)hŸ 4- (5.10)
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For minimizing J  we differentiate J  with respect to / ,  and set the derivative to zero, 
yielding
^  =  0 (5.11)
Solving Eq. (5.11) gives the optimal control law
Qhohjxjt)  +  gp)
where I  or ki (t) is bounded based on MRE characteristics that will be experimentally 
identified.
5.4 Simulation Results 
In this section, the simulation results are presented. Figure 5.3 shows the input 
motion profile used in the simulation of the MR elastomer based shock isolator. For 
the purpose of simulation it is assumed that MR elastomers can be fabricated with 
a time constant of 1 ms.  It is also assumed that 30% of nominal spring stiffness can 
be changed using magnetic field. During control input saturation the value of spring 
stiffness is set to kmax or kmin depending on the value of I.
Figures (5.4) to (5.6) show the response of MR elastomer shock isolation system 
for different values of m, /cq, Q and e. It is evident from these plots that the semi­
active MR elastomer shows better shock mitigation performance than the two passive 
systems. As shown in the plots the designed predictive controller is effective in the 
shock isolation of the payload mass.
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5.5 Summary
In this chapter, the predictive control system developed in the previous chapter 
is extended to a single degree-of-freedom shock isolation system. For the purpose 
of control system design the variable stiffness of the MRE is modeled using a first 
order dynamic equation and for simulation it is assumed that 30% of nominal spring 
stiffness can be changed using magnetic field. The magnitude of control input is not 
clamped in an ad-hock way since it is made as a design parameter by the choice of 
weighting parameters. Extensive simulation was done. These results show that the 
derived control system is effective in the shock isolation of the payload.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
x10
0
c
0
1m
O)
I
1 I I r
jiiiLiiii
_L JL -L
0 0.005 0.01 0.015 0.02 0.025 0.03
Time (sec)
0.035 0.04 0.045 0.05
(D -2
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.050
xlO'
Time(sec)
E
•H
0 0 
E
(D
ü  ̂
jO -5
Û - 1 0
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.050
time (s)
Figure 5.3: Shock input profile applied to the base
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
ü
c
0
m = 10 kg, w = 160 Hz,  ̂= 0.05, Q = 10000, £ = 10 h = 10 ^
200
2 100
0
0
l  0
■D
0
1  -100
œ
2 -200 
I- 0
Passive 1
Predictive
, k  'A ' I
Passive2
1  A ' A i /A
n  ( 1 ' '1,7
V  1V i l 7 1
^ 7  /  1i \i
'  ' "
0.02 0.04
Time(sec)
2
0
2
0.020 0.04
Time(sec)
4
0
2
4
0.020 0.040.02 0.04
Time(sec) Time(sec)
Figure 5.4: Simulation plots for ai ,ô ,k  and ô
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
I-  -2 0 0
m = 10 kg, = 160 Hz,  ̂= 0.1, Q = 100 0 0 ,8  = 10'^, h = 10'^
P assivel
(0 100
1  -100
0.02 0.04
Tim e(sec)
E
E
3
I
îf
to
-0 .5
0 0.02 0.04
Tim e(sec)
0.02 0.04
Tim e(sec)
ü
(D
E
I
■D
4
2
0
2
■4
0.040 0.02
Tim e(sec)
Figure 5.5: Simulation plots for ai,ô ,k  and 5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
60
40  
20 
0
5- 2 0c
2
H -4 0
m = 5 kg, = 50 Hz,  ̂= 0.05, Q = 1 0 0 0 0 ,6  = 10 h = 10 ^
ü
c
0
?
(D
(D
Ü
ü
(0
T3
(D
0
—  P assivel 
Predictive 
Passive2
&ipi ^  \\ 
' w  \
V  A  
7  ' A
'  /  ' ' 7
0.02  0.04
Tim e(sec)
0 .02  0.04
Tim e(sec)
3
I
il
( O
6
4
2
0
-2
4
6
0.02 0.040
ü
CDen
I
I
13
Tim e(sec)
4
2
0
2
•4
0.040 0.02
Tim e(sec)
Figure 5.6: Simulation plots for ai,ô ,k  and 5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 6 
CONCLUSIONS
In this thesis, a fundamental understanding of the behavior of magnetorheological 
(MR) damper has been developed. Analytical and experimental results have shown 
that the MR damper is one of the most promising semi-active devices for shock 
isolation, having an inherent ability to provide a simple and robust interface between 
electronic controls and mechanical components, thereby enabling reliable, fast-acting 
semi-active control of shock systems.
The question of absolute stability of a two degree-of-freedom magnetorheological 
(MR) fluid damper system is considered. The hysteretic Bingham model is used 
for analysis. Using circle criterion, it is shown that the origin in the state space 
is globally exponentially stable for any arbitrarily piecewise continuous time-varying 
input current i.e., the system is absolutely stable. This result is independent of the 
choice of system parameters and global exponential stability is guaranteed no matter 
how Ic{t) is varying as a function of time.
The question of selecting a specific function Ic{t) which is effective in position 
control and vibration suppression of the payload mass is considered in Chapter 3. 
For this purpose, two control systems, namely (i) an inverse control law and (ii) a
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
suboptimal control law were designed. For the design of the inverse control law, 
the inertial position of the payload is chosen as the controlled output variable. In 
the closed-loop system, linear stable dynamics of the position error are obtained 
for unconstrained input, but for simulation control, saturation is introduced. The 
suboptimal control law was designed via the state dependent Riccati equation method 
in which constraint on the current was imposed in the design process. Extensive 
simulation was done. These results show that the derived control systems are effective 
in position control and shock isolation of the payload. The design method provides 
flexibility in shaping the transient response of the payload mass by the choice of 
weighting matrices in the quadratic performance index.
In the initial stages of the thesis, for system analysis and control system design the 
hysteretic bingham model is used. Once the data is obtained from laboratory tests, 
a new mathematical model is developed for the MR damper. The validity of the 
proposed model is shown for different voltage values (magnetic excitations). Based 
on this model a predictive controller is designed. For the derivation of the controller, a 
performance index that is a quadratic function of the predicted values of displacement, 
velocity, acceleration, jerk and the control input is optimized. The advantage of this 
controller is, when the control saturation occurs, the predictive control is still the best 
choice within the control limits which minimizes the chosen performance index. The 
weighting parameters associated with the corresponding variables provides a trade­
off between satisfactory system performance and the control magnitude requirement. 
The delay of the control input is modeled using a first order low pass filter.
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In the final part of this thesis, the feasibility of MR elastomer for shock isolation is 
examined. For this purpose, the variable stiffness characteristics of an MR elastomer 
is modeled using a first order dynamic equation. For the derivation of the controller, a 
performance index that is a quadratic function of the predicted values of acceleration 
and the control input is optimized. Simulations show that in the closed loop system 
the designed predictive controller is effective in the shock isolation of the payload 
mass.
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